Abstract: Tolerance of corn to halosulfuron applied at PRE, V1, V3, V5, and V7 leaf stages were determined during 2014 and 2015 in Ontario. Halosulfuron applied at PRE, V1, V3, V5, and V7 caused up to 13% injury at 1 WAT but the injury was transient with no effect on corn yield.
Introduction
Field corn is important to the Ontario economy. In 2014, nearly 7.6 million tonnes of corn were produced on nearly 753 000 ha with a farm-gate value of $1.4 billion, which ranked as the second largest field crop grown in Ontario after soybean in terms of farmgate value (Kulasekera 2016) . Development of weed management strategies is critical for corn producers to remain competitive in the global market. Research is needed to identify preemergence (PRE) and postemergence (POST) herbicides that provide selective control of problem weeds such as yellow nutsedge (Cyperus esculentus) in field corn production.
Halosulfuron is a selective herbicide recently registered for use in field corn in Ontario that controls nutsedge species. Halosufuron is taken up by roots and shoots and is readily translocated within the plant, causing rapid growth inhibition in susceptible plants (Shaner 2014) . Halosulfuron also controls certain broadleaf species including common lambsquarters (Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.), wild mustard (Sinapis arvensis L.), common cocklebur (Xanthium strumarium L.), jimsonweed (Datura stramonium L.), velvetleaf (Abutilon theophrasti Medic.), and lady's thumb (Polygonum persicaria L.), including Group 5 (triazine) resistant biotypes (Shaner 2014) . Halosulfuron is a sulfonylurea herbicide that inhibits acetolactate synthase, an enzyme involved in the synthesis of branched-chain amino acids isoleucine, leucine, and valine in plants (Shaner 2014) . Halosulfuron can be applied preplant incorporated (PPI), preemergence (PRE) or postemergence (POST). In susceptible plants, chlorosis of the growing point occurs within 3-7 days after halosulfuron application. The growing point will die within 7-14 days, but complete death may require 14-21 days after application depending on the weed size, weed species, and environmental conditions (Shaner 2014) . Halosulfuron has a favorable environmental profile, is active at low doses, has low mammalian toxicity and is relatively immobile in the soil (Shaner 2014) . In addition, halosulfuron degrades rapidly by microbial degradation and chemical hydrolysis in the soil, therefore it has a low potential to contaminate ground water through leaching (Shaner 2014) .
Earlier studies by Thomas et al. (2004) found no adverse effect on the yield of corn when halosulfuron was applied at 53 g ai ha −1 to V4-V6 corn. Sikkema et al. (2008) found no adverse effect with halosulfuron applied at 50 g ai ha −1 on yield among 7 out of 8 sweet corn cultivars evaluated. York et al. (2003) also reported minimal corn injury with glyphosate and halosulfuron in North Carolina, USA. Halosulfuron controls nutsedge species that are not controlled by any of the registered POST herbicides in field corn in Ontario (Shaner 2014; Fischer and Harvey 2002) . It is a desirable complement to the currently registered herbicides in field corn because of its excellent activity on nutsedge species. There is little information on the tolerance of field corn to halosulfuron applied PRE and POST at various leaf stages alone or in tankmix with glyphosate under environmental conditions in Ontario. The objective of this study was to determine the tolerance of corn to halosulfuron (70 and 140 g ai ha −1 ) applied at PRE, V1, V3, V5, and V7. In addition, at V5 a tankmix with glyphosate (1800 g ae ha −1 ) was included to determine if the adjuvant in Roundup Weathermax® significantly increases the injury from halosulfuron. There were three field studies at Ridgetown, ON in 2014, and two field studies at Ridgetown and one field study at Exeter, ON in 2015. In 2014, the soil at Ridgetown was a sandy clay loam with 53% sand, 25% silt, 22% clay, 2.3% organic matter, and pH of 7.4 at site 1; clay loam with 36% sand, 25% silt, 29% clay, 4.4% organic matter, and pH of 7.0 at site 2; and a sandy clay loam with 52% sand, 28% silt, 20% clay, 5.9% organic matter, and pH of 6.0 at site 3. In 2015, the soil at Ridgetown was a loam with 39% sand, 41% silt, 20% clay, 4.6% organic matter, and pH of 6.2 at site 1; and loam with 40% sand, 32% silt, 26% clay, 3.9% organic matter, and pH of 7.6 at site 2. The soil at Exeter was a loam with 35% sand, 43% silt, 22% clay, 3.5% organic matter, and pH of 7.5. Seedbed preparation at all sites consisted of fall moldboard plowing followed by two passes with a field cultivator with rolling basket harrows in the spring.
All experiments were established as a randomized complete block design with four replications. Treatments included a non-treated weed-free control and halosulfuron (70 and 140 g ai ha −1 ) applied at PRE, V1, V3, V5, and V7. Additional treatments included glyphosate (Roundup Weathermax®) at 1800 g ae ha −1 , and glyphosate plus halosulfuron applied at 1800 + 70 and 1800 + 140 g ae/ai ha −1 at the V5 leaf stage. All halosulfuron treatments included non-ionic surfactant at 0.25% v/v. Plots were 3 m wide at both locations, 8 m long at Ridgetown and 10 m long at Exeter, and consisted of four rows of corn ('DKC53-56 RIB') seeded 5 cm deep at 80 000 seeds ha −1 in rows spaced 75 cm apart in early May to early June of each year.
Herbicide treatments were applied using a CO 2 -pressurized backpack sprayer calibrated to deliver 200 L ha −1 at 240 kPa at Exeter and 200 kPa at Ridgetown using ULD 120-02 nozzles. The spray boom was 1.5 m wide with four nozzles spaced 50 cm apart. The PRE treatments were applied up to 5 days after planting (DAP) and POST herbicides were applied at the V1 to V7 leaf stage. All plots, including the non-treated control, were kept weed-free by hand weeding as needed.
Corn injury was visually estimated on a scale of 0 (no injury) to 100% (complete plant death) in 1% increments at 1 and 2 weeks after emergence (WAE) and after each POST application timing (WAA), as well as 4 and 8 weeks after the last (V7) application (WAT). Corn height was measured 2 WAT for 10 random plants per plot and averaged. Corn was harvested from the middle two rows of each plot with a small plot combine, weight and seed moisture content were recorded and yields were adjusted to 15.5% moisture.
Data were analyzed using PROC GLIMMIX in SAS® 9.4 Software (SAS Institute Inc., Cary, NC). Herbicide treatment was considered a fixed effect, while random effects included environment (year-location combinations), environment and herbicide treatment interaction, and replicate nested within environment. Significance of the fixed effect was tested using the F-test and random effects were tested using a likelihood ratio. Residual plots were used to check that variances were randomly distributed, independent, and homogeneous. The Laplace method in SAS® was used for the estimation method; injury at 1 and 2 WAE/WAA, height and yield were analyzed using a normal distribution and identity link, injury at 4 and 8 WAT were analyzed using a Poisson distribution and log link. There were no significant year by location, herbicide by location, and herbicide by location by year; therefore data for all environments were combined and averaged (Table 1 ). All treatment comparisons were made using Fisher's Protected LSD at P < 0.05.
Crop Injury
Halosulfuron (70 and 140 g ai ha −1 ) applied PRE caused minimal (less than 1%) visible injury in corn evaluated 1 WAE, 2 WAE, 4 WAT, and 8 WAT (Table 1 ). In general, halosulfuron (70 and 140 g ai ha −1 ) caused increasing injury as the POST application was delayed.
Halosulfuron at 1X rate (70 g ai ha −1 ) applied at the V1, V3, V5, and V7 leaf stage caused 1%, 6%, 9%, and 8% corn injury 1 WAA and 1%, 2%, 3%, and 6% corn injury 2 WAA, respectively (Table 1 ). The injury decreased with time, as halosulfuron (70 g ai ha −1 ) applied at the V1, V3, V5 and V7 corn leaf stage caused less than 1% corn injury at 8 WAT.
Halosulfuron at 2X rate (140 g ai ha
) applied at the V1, V3, V5, and V7 corn leaf stage caused 1%, 10%, 13%, and 12% corn injury 1 WAA, respectively (Table 1 ). The injury decreased with time, as halosulfuron (140 g ai ha −1 ) applied at V1, V3, V5, and V7 caused 1%, 0, 1%, and 3% corn injury 8 WAT, respectively. Glyphosate did not accentuate the injury from halosulfuron. There was a trend to increased injury when halosulfuron was applied in a tankmix with glyphosate compared to the glyphosate alone, but injury decreased with time (Table 1) . Glyphosate plus halosulfuron applied at the V5 leaf stage caused 9%, 4%, 1%, and 1% injury at 1800 + 70 g ai ha −1 and 11%, 7%, 3%, and 1% injury at 1800 + 140 g ai ha −1 evaluated 1 WAA, 2 WAA, 4 WAT, and 8 WAT, respectively (Table 1) . Thomas et al. (2004) found less than 5% injury in field corn when halosulfuron was applied at 53 g ai ha −1 to V4-V6 corn. York et al. (2003) found minimal corn injury with glyphosate and halosulfuron in North Carolina, USA. Sikkema et al. (2008) also found as much as 8% injury in sweet corn with halosulfuron applied at 50 g ai ha −1 . Similar variations in corn injury have been reported with other Group 2 herbicides.
Plant Height
Halosulfuron applied at 70 g ai ha −1 did not result in a change in corn height when applied at the V1 to V5 leaf stage, but decreased corn height 8 cm when applied at the V7 leaf stage compared to the control (Table 1) . Similarly, halosulfuron applied at 140 g ai ha −1 caused no decrease in corn height when applied at the V3 to V5 leaf stage but decreased corn height 7 and 12 cm when applied at the V1 and V7 leaf stage compared to the control, respectively (Table 1) . Glyphosate did not accentuate plant height reduction from halosulfuron. Glyphosate at 1800 ae ha −1 and glyphosate plus halosulfuron at 1800 + 70 g ai/ae ha −1 applied to V5 corn caused no adverse effect on corn height; however, glyphosate plus halosulfuron applied at 1800 + 140 g ai/ae ha −1 reduced corn height 5 cm compared to the control (Table 1) . Sikkema et al. (2008) found no adverse effect on sweet corn height with halosulfuron applied at 50 g ai ha −1
Yield
Halosulfuron (70 and 140 g ai ha −1 ) applied at the PRE, V1, V3, V5, and V7 leaf stage caused no decrease in corn yield compared to the control (Table 1) . There was also no adverse effect on corn yield with glyphosate alone (1800 g ae ha −1 ) or glyphosate plus halosulfuron (1800 + 70 or 1800 + 140 g ai/ae ha −1 ) applied at the V5 corn leaf stage compared to the control (Table 1) . Results are similar to Thomas et al. (2004) who found no adverse effect on corn yield when halosulfuron was applied at 53 g ai ha −1 to V4-V6 corn. York et al. (2003) found no adverse effect on corn yield with glyphosate and halosulfuron in North Carolina, USA. Based on these results, halosulfuron applied PRE at 70 to 140 g ai ha −1 caused minimal injury in corn with no adverse effect on yield. Halosulfuron applied at a high rate caused minimal injury at the V1 stage (1%), but caused significant injury (10% or greater) when applied at the V3, V5, and V7 leaf stages in corn. The injury was transient and decreased in time. Glyphosate did not accentuate the injury from halosulfuron. There was also no adverse effect on corn height and yield with glyphosate alone or glyphosate plus halosulfuron applied to V5 corn, except for glyphosate plus halosulfuron applied at 1800 + 140 g ai/ae ha −1 , which decreased corn height 5 cm. Based on these results, there is an adequate margin of crop safety for use of halosulfuron PRE and POST at 70 g ai ha −1 applied alone or in tankmix with glyphosate in field corn. However, care must be taken to avoid spray overlaps as it can cause significant crop injury early in the season. Note: WAA, weeks after POST application; WAE, weeks after emergence; WAT, weeks after V7 application. Means followed by the same lowercased letters (a-e) within a column are not significantly different according to Fisher's Protected LSD at P < 0.05.
a All halosulfuron treatments included non-ionic surfactant at 0.25% v/v.
